How species diversity influences ecosystem functioning has been the subject of many experiments and remains a key question for ecology and conservation biology. However, the fact that diversity cannot be manipulated without affecting species composition makes this quest methodologically challenging. Here, we evaluate the relative importance of diversity and of composition on biomass production, by using partial Mantel tests for one variable while controlling for the other. We analyse two datasets, from the Jena (2002)(2003)(2004)(2005)(2006)(2007)(2008) and the Grandcour (2008Grandcour ( -2009) Experiments. In both experiments, plots were sown with different numbers of species to unravel mechanisms underlying the relationship between biodiversity and ecosystem functioning (BEF). Contrary to Jena, plots were neither mowed nor weeded in Grandcour, allowing external species to establish. Based on the diversity-ecosystem functioning and competition theories, we tested two predictions: 1) the contribution of composition should increase with time; 2) the contribution of composition should be more important in non-weeded than in controlled systems. We found support for the second hypothesis, but not for the first. On the contrary, the contribution of species richness became markedly more important few years after the start of the Jena Experiment. This result can be interpreted as suggesting that species complementarity, rather than intraspecific competition, is the driving force in this system. Finally, we explored to what extent the estimated relative importance of both factors varied when measured on different spatial scales of the experiment (in this case, increasing the number of plots included in the analyses). We found a strong effect of scale, suggesting that comparisons between studies, and more generally the extrapolation of results from experiments to natural situations, should be made with caution.
The current global decline of biodiversity is causing concern over how ecosystem functioning and the provision of ecosystem services will be affected. In order to understand the consequences of biodiversity loss, manipulative biodiversity experiments (e.g. Cedar Creek, BIODEPTH or the Jena Experiment; Tilman et al. 1996 , Hector et al. 1999 , Roscher et al. 2004 ) have tried to explore the dependent relationships between biodiversity and ecosystem functioning (Hooper et al. 2012) . While some experiments have analysed ecosystem multifunctionality (Gamfeldt et al. 2008 , Zavaleta et al. 2010 , Mouillot et al. 2011 , most studies have concentrated on the species richness-biomass relationship. Although positive relationships between diversity and productivity are frequently reported (Hector et al. 1999 , Hooper et al. 2005 , Roscher et al. 2005 , Cardinale et al. 2012 , Isbell et al. 2015 , the topic remains contentious as the direction of the relationship varies substantially between natural ecosystems and experimentally assembled plant communities (Chapin III et al. 1997 , Grace et al. 2007 , Assaf et al. 2011 , Wardle 2016 . While the idiosyncratic hypothesis anticipates that ecosystem functioning changes unpredictably with varying species richness because each species contributes unequally to productivity (Lawton 1994) , the mass ratio hypothesis states that the characteristics of the dominant species in the community govern ecosystem properties. As a consequence, not only the number of species, but also species identity and therefore composition, is essential when members of a community disappear (Aarssen 2001) .
Analyses of the role of composition in modulating the diversity-productivity relationships have yielded contrasting results, from studies reporting commensurate importance of diversity and composition (Hector et al. 2011) , to those emphasizing the role of composition (Harvey et al. 2013 , Sandau et al. 2014 ). Attempts to disentangle diversity effects from compositional effects are complicated because of the very different nature of the two variables: plant species richness is a quantitative variable that is easy to include in statistical models; whereas composition can be described by the presence/absence or abundance of each species in the experimental plots. Composition is thus inherently multivariate, and each plot can be visualized as a point in an n-dimensional space, where n corresponds to the total number of species in the study. The contrasting nature of richness and composition raises analytical problems when incorporated together into a statistical model (Sandau et al. 2014) .
The classical approach in biodiversity-ecosystem functioning analyses is to consider species composition as a random variable, with each different sown mixture considered as a different level drawn from the set of all possible compositions from the experimental species pool (Hector et al. 2011 ). Alternative models have been developed, e.g. approaches based on the Price equation (Fox 2006, Fox and Harpole 2008) , or on pairwise interactions between plant species (the diversity interaction model and its variants; Kirwan et al. 2007 , Connolly et al. 2013 . Also, an experimental design has been devised specifically to separate the effects of species richness and of species identity (Bell et al. 2009 ). These models are tailored for experimental studies and their application to observational data is difficult or even impossible. Kahmen et al. (2005) and Sandau et al. (2014) have proposed statistical methods suitable for such situations. The first one uses an ordination method to reduce the multidimensionality of species composition to few axes; the coordinates of the plots on these axes can then be used as explanatory variables in regression models. The second approach assumes that the similarity in species composition between plots induces statistical dependence between the observations; this dependence is included in regression models as a correlation structure in a way similar to phylogenetic regression correcting for species relatedness.
All the above methods allow a test of the statistical effect of species richness or of species composition on productivity, however they cannot measure their relative contributions because the two variables are included differently in the models. To measure the relative contributions of species richness and species composition, Hector et al. (2011) used a method that considers all explanatory variables as random factors (Gelman 2005) . They used a Monte Carlo Markov chain (MCMC) approach to estimate the parameters of both species composition and species richness, and computed the standard deviation of their posterior distributions as a measure of contribution of each variable. Based on the data of several biodiversity-ecosystem functioning experiments, they concluded that the contributions of species richness and of species composition were very similar. This article has however elicited further discussion (Connolly et al. 2011) , and the use of a continuous variable (i.e. species richness) as a random factor is disputable (Bates 2010) .
A straightforward method to explore the relative importance of richness and composition is to use Mantel tests. In this way, both factors are treated as pairwise distances among sites. Information on productivity, species richness and species composition are expressed in matrices containing the Euclidean distances in productivity between plots (the 'response variable'), and the Euclidean distances in species richness, as well as distances in species composition, respectively (the 'explanatory variables'). It is important to understand that Mantel tests do not assume a particular relationship between variables (e.g. a positive or negative linear relationship between species richness and biomass); they simply assess the following question: do pairs of plots with similar richness/composition also tend to have similar biomass? This is achieved by evaluating the linear relationship between the pairwise distance values of the matrices. By using partial Mantel tests, it is possible to partial out the effect of each variable in turn (in this way accounting for a possible correlation between the variables), and thus to assess their relative importance (Legendre and Legendre 1998, pp. 557) . The pros and cons of partial Mantel tests have been the subject of several articles (Harmon and Glor 2010) ; one notable concern is its low statistical power compared to other approaches. In our case, our aim is not to find the best model to explain variation in biomass between plots, but to assess the relative contributions of diversity and composition as explanatory variables. In this case, a decisive advantage of Mantel tests is that both explanatory variables are treated in a similar way, i.e. as dyadic data between observations.
Here we analyse used the results of two biodiversity experiments: the Jena Experiment (Weigelt et al. 2010) , and the Grandcour Experiment, which consisted of 12 sown wildflower strips in Switzerland (Fabian et al. 2013 , Sandau et al. 2014 . A major difference between both experiments is that the latter was not mown nor weeded, meaning that colonizer species could establish in the experimental plots.
In addition to the general question of which variable (diversity versus composition) is more important in explaining variation in productivity, we explore several hypotheses regarding how the relative importance of both factors evolves with time, differs between study types, and changes with spatial scale. Specifically, our three research questions are: 1) How does the relative importance of species richness and of plant composition change with time in the Jena Experiment? We hypothesize that the contribution of species richness will decrease and that of plant composition will increase. As less competitive species will be excluded by dominant species (Tilman and Downing 1994, Aarssen et al. 2003) , species richness will tend to homogenise; at the same time, plots with the same dominant species will tend to have similar productivity, and hence increase the contribution of composition.
2) Is the relative importance of species richness and species composition different in controlled experiments with weeding than in experiments where colonizing species are allowed? We hypothesize that species richness is less important in experiments without weeding because variability in species richness between the plots will be reduced due to compensatory effects of colonizing species modulated to biotic resistance (i.e. colonizers can more readily become established within in species poor communities).
3) Is the relative importance of species richness and of plant composition different at different spatial scales? This question can be tackled in the Grandcour Experiment that was set up as a metacommunity experiment. We hypothesize that the observed values can vary strongly with spatial scale, depending on the variability in species richness and in species composition at different spatial scales.
Methods

Datasets
We used two datasets, the first from an experiment conducted in 12 wildflower strips in Switzerland, the Grandcour Experiment (Fabian et al. 2012 , Bruggisser et al. 2012 , Sandau et al. 2014 ; the second from the Jena Experiment (Weigelt et al. 2010 ). In the Grandcour Experiment, the number of species was manipulated by sowing different mixtures in 2007. A treatment to control the main herbivores and their predators was applied with fences (with three levels: no fence, small-meshed fence and large-meshed fence). Each of the 12 experimental fields contained the three levels of herbivore-predator control treatment, and in each level four 9 6 m subplots were sown with different plant mixtures (2, 6, 12 and 20 sown plant species, all from the tall herb functional group), resulting in a total of 144 subplots (further information in the Supplementary material Appendix 1). An important difference from classical biodiversity-ecosystem functioning experiments was the absence of weeding and of mowing; consequently, species richness is expressed as the total number of species. Plant species composition was described by the percentage cover of all plant species in the subplots, estimated by visual inspection. Total aboveground biomass was assessed from leaf area index measurements, calibrated with results derived by the classical clipping method in eight subplots (Pearson correlation between both measurements was 0.89). Species percentage cover, species richness and biomass were measured in late summer 2008 and 2009. In the Jena Experiment, temperate grassland communities with changing species richness and functional group number were created from a pool of 60 species. Different species richness levels (2, 4, 8, 16 and 60) were sown in 66 plots of 20 20 m organized in four blocks (note that we do not consider plots sown with zero or one species). Biomass was harvested in 3-4 subplots of 0.2 0.5 m in each plot in late spring and late summer, usually in May and August and sorted to species. Plant species cover was estimated in a separate 9-m 2 subplot. Plots were mown and weeded twice a year. For our analyses we used the published data from 2002 to 2008, totalling 12 sampling sessions (for more information see Weigelt et al. 2010) .
Statistical analyses
For the purpose of comparing the relative contribution of species richness versus composition, we use partial Mantel tests. Mantel tests allow for the comparison of two distance (or similarity) matrices measured on the same observational units (e.g. geographic distances versus differences in leukaemia incidences for a selection of localities ; Mantel 1967) . This is achieved simply by measuring the correlation r between all corresponding entries of both matrices, and using permutations of the columns and their corresponding row to assess the statistical significance of r. Partial Mantel tests, based on partial correlation coefficients (Legendre and Legendre 1998) , were devised to account for one or several additional distance matrices, with the aim of partialling out their contribution in the correlation between the two matrices of interest.
The partial correlation coefficients can be used to assess the relative importance of each set of variables from which the distance matrices are computed, and the unique and common importance of each set can be evaluated. Note however that the total amount of variation, and thus the percentage of unexplained variance (Borcard et al. 1992 , Fabian et al. 2012 , cannot be measured with this approach.
We computed distance matrices containing the differences (Euclidean distance) in biomass between (sub)plots, the differences in realized species richness (i.e. based on the observed and not the sown number of species), and BrayCurtis floristic coefficients. For the latter, we used raw percentage cover of the plant species (using relative cover yielded highly similar results). Matrices were computed for each sampling session. Distance matrices were computed with the vegdist function of the vegan package (Oksanen et al. 2015) in R ( www.r-project.org ). In our analyses, we also considered the random effects created by fields in the Grandcour Experiment or by blocks in the Jena Experiment, by adding a design matrix defining field or block membership of the plots (Legendre and Legendre 1998) . A distance of 0 was given to pairs of (sub)plots if they belonged to the same field or block, and 1 if otherwise. For the Grandcour Experiment, we also accounted for the herbivore-predator control treatment by adding three design matrices defining the within-field membership to each level (no fence, small-meshed fence and large-meshed fence), in this way considering this treatment as a random factor.
We used the function mantel of the ecodist package (Goslee and Urban 2007) to perform the partial Mantel tests with 10 000 permutations based on Pearson correlations r. We used two models, both with distances in biomass as 'dependent variable', to compare 1) the effect of species richness while controlling for composition, and 2) the effect of composition while controlling for species richness. The block membership matrices for the Jena Experiment, or the four field and treatment membership matrices for the Grandcour Experiment, were always included. We reported the one-tailed p-values, testing the null hypothesis r 0, since negative r indicate that pairs of (sub)plots with similar richness (or composition) have divergent biomasses. As the two explanatory matrices representing the distance in species richness and species composition may be correlated, we determined the overlap of their explanatory power according to the formula: overlap r r r r p p 1 2 2 2 1 2 2 2 2 with r p1 and r p2 the partial Mantel coefficients as defined above, and r 1 and r 2 the partial Mantel coefficients for the two Mantel tests models with either species richness (species composition), while not controlling for the effect of species composition (species richness), (note that these are partial coefficients since the experimental structure was always included in the models).
Additionally, for the Jena dataset, we performed two complementary analyses useful for the interpretation of the Mantel tests' results. Firstly, we analysed if plant composition and species richness between plots tended to become more homogeneous or heterogeneous with time. For each sampling session, we computed the average pairwise BrayCurtis distances, and the Euclidean distances in average
Results
Temporal trends in contributions of species richness and composition
In the Jena Experiment, across all years, we found that richness contributed to 62% and composition to 38% of the similarity in biomass production (Table 1) . Nevertheless, the contribution of composition relative to richness changed with time since the establishment of the experiment. We found a strong temporal trend in the contributions of species richness and species composition to biomass, with species richness becoming more important with time ( Fig. 1) . This trend, expressed as the percentage contribution of species richness (Table 1) , was significant (generalized least squares model on logit transformed data with AR1 correlation structure; slope for richness contribution 0.089, p-value 0.006).
The decrease in the contribution of plant composition was not merely due to a homogenization of the different communities with time. On the contrary, plots sown with 8 and 16 species tended to become more different in composition (Table 2 ). In addition, the increase in contribution of species richness was not due to an increase in the heterogeneity of species number; only plots with 16 sown species showed a significant positive trend (Table 2) . Finally, we examined if there was a relationship between species proportional abundance and their propensity to decrease or increase during the course of the experiment. We found weak and non-significant negative trend (Fig. 2) . Note that these analyses were not possible for the Grandcour Experiment since data were collected only during two sampling sessions.
Difference between weeded and non-weeded experiments
In the Grandcour Experiment, the partial Mantel test for the effect of species richness on total biomass was not significant, whereas the effect of composition was highly significant (Table 1) . These results were consistent for both years. Species richness explained little variation in total biomass species richness, between all plots of the same sown diversity level. Generalized least square models with AR1 correlation structure were applied to detect trends (Zuur et al. 2009 ), using the function gls of the nlme package (Pinheiro et al. 2013) .
Secondly, we analysed the relationship between the average biomass of the species and their tendency to increase or decrease during the six years of data. Since globally the total biomass decreased in the course of the experiment, we used relative biomass in each plot and at each sampling session to analyse the temporal trends of the species. This trend was estimated separately for the spring and summer sampling sessions, as there is a strong seasonal effect (in general more biomass in spring). We computed non-parametric Spearman correlations between relative biomass and sampling session date for each species in each plot to describe its temporal trend. We counted the number of times each species decreased or increased in the plots where it was present. The average biomass of each species was computed from the relative biomass over all plots and sampling sessions; these values were then ranked. These ranked averages were used as explanatory variable for the binomial response variable 'number of increases versus decreases in proportional biomass'. We used a generalized mixed-effects model for this analysis, with season as random factor and quasi-binomial family (function glmmPQL of the MASS package; (Venables and Ripley 2002) ).
Finally, for the Grandcour Experiment, we performed partial Mantel tests as above to assess the effect of spatial scale on the relative contribution of richness and composition on productivity. To simulate varying scales of the experiment, we first computed the partial Mantel tests for the 12 individual fields (fine scale analysis), then on combinations of 2, 4, 6, 8 and 10 fields pooled, effectively broadening the scale of observation. All possible combinations of fields were considered, resulting in 66, 495, 924, 495 and 66 tests, respectively.
Data deposition
Data available from the Dryad Digital Repository: http:// dx.doi.org/10.5061/dryad.44bm6 (Sandau et al. 2016) . 
Change in the contribution of composition at varying spatial scales
We explored if spatial scale affected the contributions of species richness and composition by analysing the Grandcour data of 2008 for each field separately, and in combinations of 2, 4, 6, 8 and 10 fields, in order to simulate increasing scale (Fig. 4) . Within the 12 individual fields, species (14% on average) compared to floristic composition (81% on average). In the Jena Experiment, the contribution due to species richness alone was higher (62% on average); this value was significantly larger than the average percentage in the Grandcour Experiment (difference in percentage 48%, p-value 0.047, permutation test with 2000 simulations). However, when comparing the percentage contributions in Grandcour with those of the first two years in Jena (to match the Grandcour Experiment with measurements during two years), the contribution was still larger in Jena, but the difference between the two experiments was less marked (average of 14% compared to 26%, respectively).
A lower contribution of species richness in the nonweeded experiment could be due to decreasing variability in species richness between the plots with time. Figure 3 presents the coefficient of variation for species richness in the Jena and in the Grandcour Experiment. As hypothesized, the decrease in the coefficient of variation from the start of the experiment for species richness was much larger in the Grandcour than in the Jena Experiment (Fig. 3) . Figure 2 . Relationship between the proportion of times each plant species was found to increase in biomass during the course of the Jena Experiment, and its average relative biomass in the plots where it occurred. Biomass is expressed as the rank of species ranged between 0 and 1. We considered separately spring and summer sampling periods. The solid line is the result of a generalized linear mixed-effects model with quasi-binomial family and sampling season as random factor (slope -0.18, p 0.64); white dots and dotted line are for the spring sampling sessions, black dots and dashed line for the summer sampling sessions. in biomass, and thus plots with the same dominant species would tend to have similar productivity. As said above, these expectations are rejected by our supplementary analyses (Table 2) . Secondly, the dominant species in the experiment did not tend to increase in biomass with time (Fig. 2) .
Several non-exclusive explanations might underlie our observations. Firstly, dominant plant species could be preferentially attacked by herbivores or other enemies, which could control their expansion (Janzen-Connell hypothesis; Sedio and Ostling 2013). Secondly, intraspecific competition may increase for a dominant species to a point at which individual fitness decreases, allowing other species to establish (Deng et al. 2012) . Thirdly, complementarity effects could become more prevalent with time, which was suggested by Marquard et al. (2009) for the Jena Experiment. Notably, Roscher et al. (2013b) found an increase in functional trait diversity through time in the Jena experiment, with a change from traits associated with fast growth towards traits related to conservation of growth-related resources and successful reproduction. They concluded that assembly processes in their experiment appeared to maximize functional diversity through niche differentiation, a mechanism that did not exclude the loss of species with low competitive abilities. Fourth, one cannot, however, dismiss the effect of disturbance by repeated weeding and mowing (Wardle 2001 , Roscher et al. 2009 , 2013a . By creating open space, it could allow less competitive species (i.e. good colonizers in the scheme of the competition-colonization tradeoff; Cadotte 2007) to persist and possibly increase in such systems. It is however worth noting that a comparison of the weeded and non-weeded subplots in the Jena Experiment did not detect a change in functional composition between these treatments (Roscher et al. 2013b) .
Note that we assume that the contribution of composition is linked to the selection effect, and that of species richness to complementarity effects. On the one hand, if selection effects are the only driver of the biodiversity-ecosystem functioning relationship, two plots with similar dominant species should both have similar biomass; at the same time, two plots with the same species richness may or may not have the same biomass. It is the presence of particular species that is important, and this will be captured by a high similarity in species composition between plots. Note however that this requires the use of quantitative (i.e. based on plant cover) measures of similarity or distance: with qualitative measures, the occasional rare species are likely to blur this effect. On the other hand, if complementarity is the key process, plots with greater numbers of species are more likely to better exploit the resources, whatever species identity, and thus attain greater biomass levels. Consequently, similarity in species richness is expected to be related to similarity in biomass. Of course, both processes are not exclusive (Loreau 2001) , and this justifies the use of partial Mantel tests. In this respect, it is interesting to note that the contributions common to species richness and species composition are extremely small in the Jena Experiment (Table 1) . This is expected in correctly balanced experimental designs. The greater but still moderate common contributions in the Grandcour Experiment can be attributed to the absence of weeding, and the resulting presence of non-planned colonizing species. richness was significant four times at the 5% level, while plant composition was significant five times. When broadening the scale of observation, the median values of the Mantel r did not change markedly for species richness, and decreased slightly for plant composition. However, the p-values showed a clear trend: they became large and non-significant for species richness, while the opposite was apparent for plant composition. When measuring the relative contribution of species richness (Fig. 4e) , we found that median values for the different numbers of fields varied around the 17% obtained for the complete dataset (Table 1) ; note the large variability of the estimated contributions when considering all possible combinations of subplots.
Discussion
Temporal trends in contributions of species richness and composition Contrary to our expectations, the contribution of community composition to biomass decreased over the six years of the Jena Experiment, while the contribution of species richness increased. Thus, at the start of the experiment, plots with similar sown mixtures tended to have similar biomass, while after six years this effect vanished. Concerning species richness, plots with similar sown diversity had different productivity at the beginning of the experiment, but harboured similar biomasses already after three years. Moreover, we showed that the observed trends in the relative contributions of composition and of species richness are not mere consequences of a decrease in between-plots heterogeneity in composition and/or an increase in between-plots heterogeneity in species richness (Table 2) .
These observed trends contradict our expectations, which were based on a hypothesized increase in competitive effects through time (Tilman and Downing 1994, Aarssen et al. 2003) . On the one hand, plots would lose the less competitive species with time, and one could thus expect a homogenization in between-plot species richness. On the other hand, the more competitive species would increase between fields, and secondly by including a greater diversity of colonizing species (the total number of species recorded in 2008 was 113, compared to the 20 species sown). These results illustrate a general issue when comparing the contributions of different sets of variables, namely that the results are context (or scale) dependent (Wardle and Zackrisson 2005 , Lepš et al. 2007 , Connolly et al. 2011 . Thus, the assumption that results from experiments would reflect the relative contributions of diversity and of composition in natural systems is unwarranted; also, the results from different experiments should be compared with caution. However, comparisons of contributions in the same experiment through time are exempt from this problem.
Conclusions
In all, our results firstly show that care should be taken in evaluating the relative contributions of explanatory factors across different experiments, as the context (in our case, the spatial scale) of the experiment matters (e.g. the range in species richness, the particular choice of species, the diversity of traits of the species). Secondly, we observe a positive temporal trend in the importance of species richness and, according to our assumption, of complementarity effects. This result is in line with other studies (Marquard et al. 2009 ) and we believe that it is ecologically important, as it indicates that biotic interactions between species may not favour particular species at the expense of others, but rather lead to more equitable communities. To uncover the processes underlying this type of evolution in plant community structure, projects like the Jena Experiment are particularly valuable. Also, conducting long-term experiments in conditions where immigration can be strictly prevented would be useful to avoid disturbances generated by the maintenance of species richness. Finally, extending research to other taxonomic groups and environments is vital to assess the generality of the mechanisms behind the biodiversity-ecosystem functioning relationship.
